This paper demonstrates the potential for recovering dissolved methane from low temperature anaerobic processes treating domestic wastewater. In the absence of methane recovery, ca. 45% of the produced methane is released as a fugitive emission which results in a net carbon footprint of .
INTRODUCTION
Approximately 2 to 3% of the electricity produced in the UK is currently used by the water industry (Water UK ). Whilst water utilities are progressing energy efficiency programmes, the current rate of investment is insufficient to counter the growth in energy demand created by population growth and an obligation to meet more rigorous consent standards. The activated sludge process (ASP) has remained a core technology for the effective treatment of domestic wastewater in the UK, however, the energy demanded for aeration within the ASP comprises 55% of the electrical demand for wastewater treatment (Tchobanoglous et al. ) . Several research groups have therefore proposed anaerobic treatment as a substitute technology (Uemura & Harada ; McAdam et al. ) for ASP as these conditions facilitate the reduction of organic carbon in the absence of air and as a by-product, generate energy from the by-product methane.
Several pilot studies have now demonstrated that UK domestic wastewater which is characterised by low organic strength and low annual average temperatures of 12 to
15
W C, can be treated under anaerobic conditions (McAdam et al. ; Lester et al. ; Martin-Garcia et al. ) and has the potential to reduce the energy demand of the total wastewater flowsheet by up to 62.5% (McAdam et al. ) . However, recent studies indicate that recovery of methane dissolved in the anaerobic effluent is essential to maximise the produced energy as the low wastewater temperature raises the solubility and increases the loss of methane to the environment (Bujalance et al. ; Uemura & Harada ). In addition to the reduction in recovered energy, the global warming potential (GWP) of methane is 21 times higher than for carbon dioxide (IPCC ), thus the resultant fugitive methane emission is potentially sufficient to impose a negative process carbon footprint (Weichgrebe et al. ) . Whilst the significance of the dissolved methane has been demonstrated in the literature, to date, no engineered solution has been proposed. This study was undertaken to evaluate the application of membrane degassing for the recovery of methane from the process effluent. In addition to membrane degassing efficiency, the impact on carbon footprint and energy production is addressed.
MATERIALS AND METHODS
Expanded granular sludge blanket (EGSB) reactor recorded using a micro wet-test gas volume meter (TG01, Ritter, Bochum, Germany) and gas composition monitored using a portable infra-red analyser (LMS Xi G2, Gas Data Limited, Coventry, UK).
Degassing plant
The dense membrane contactor comprised 10 polydimethylsiloxane fibres with an individual inner diameter and outer diameter of 3.2 and 5.2 mm respectively and a contact area of 0.139 m 2 (PDMS; Sterilin Ltd UK). The fibres were housed inside a PVC shell with an effective length of 0.85 m. Anaerobic effluent comprising dissolved methane and carbon dioxide was pumped into the shell side of the membrane module (desorber) using a peristaltic pump (624 s, Watson Marlow, UK) ( Figure 1 ). Liquid flow rate was controlled in the range of 40 to 780 mL min
À1
(liquid velocity, V L , 0.0033 to 0.064 m s À1 ). Nitrogen gas with a purity >99%, was generated from compressed air using a dense gas separation membrane ( been reached. Based on the hydraulic conditions tested, steady-state was reached between 0.3 and 5.7 min, dependent upon V L . Liquid samples were collected in triplicate at each variation of liquid-side or gas-side conditions. The average of the three dissolved methane concentrations was used for subsequent data analysis. The experimental set-up comprised only a single treatment line, therefore experiments which varied either gas or liquid side velocities were repeated to validate the characteristic response.
Sample collection
Liquid samples were collected in evacuated 23 mL glass vials. Samples were then shaken on a centrifuge at 2,060 rpm for 7 min and left overnight for 16 ± 2 h to allow gases to equilibrate. Following equilibration, a 1 mL headspace sample was manually injected onto the gas chromatograph using a 1 mL gas tight syringe (SGE, Australia).
Quantitation of methane by gas chromatograph
Standards and samples were analysed on a 200 Series Gas Chromatograph (Cambridge Scientific Instruments, Ely, UK) fitted with a thermal conductivity detector. The separation column was an Alltech CTR I Concentric Packed Columns (inner column packed with porous polymer mixture; outer column packed with activated molecular sieve). Retention times for carbon dioxide and methane were 0.82 and 3.52 min, respectively. Helium was applied as a carrier gas at a pressure of 5.0 psi. The oven temperature was maintained under isothermal conditions at 100 W C and detector and injector temperatures were set to 120 W C. For each analytical run, standard methane/nitrogen gases at concentrations of 5, 25, 60 and 75% were injected onto the GC column to develop a calibration curve (Scientific Technical Gases Ltd, UK). Dissolved gas concentration of the sample was subsequently calculated using a mass balance (Hartley & Lant ):
where X L1 the concentration of dissolved gas in solution (mg mL À1 ), X G1 is the concentration of gas in headspace before shaking (mg mL À1 ), X G2 is the concentration of gas in headspace after shaking and equilibration (mg mL À1 ), Vol G is the volume of headspace (mL), Vol L is the volume of liquid in the vial (mL), α is Bunsen solubility coefficient for each specific gas, dependent on temperature.
General analytical parameters
Total and soluble COD were analysed using Merck Spectroquant cell tests with subsequent detection by spectrophotometry. Reactor temperature was monitored using an on-line sensor (Endress and Hauser, Germany) and manual temperature readings of the effluent were recorded daily.
RESULTS AND DISCUSSION

Methane loss in anaerobic effluent
Removal of COD within the EGSB averaged 64 ± 9% (n ¼ 15) for the period studied. A biomethane gas flow rate of ca. (Table 1) and established supersaturation factors of between 3.8 and 6.9. The significance of this result is that on average, ca. 45% of the produced methane exits the EGSB in the effluent. Based on the biogas methane fraction, a potential net electrical production of þ0.14 kWh e m À3 treated effluent is achievable (after accounting for the parasitic electrical demand based on 32% electrical efficiency), demonstrating that the EGSB is energy positive. From the production of energy, the resultant carbon reduction is therefore estimated as þ0.06 kg CO 2e m À3 based on a release of 0.43 kg CO 2 kWh À1 of grid electricity (DEFRA ). However, using the GWP for methane (IPCC ), the fugitive methane emission accounts for a carbon equivalent emission of À0.53 kg CO 2e m À3 indicating that at this operating temperature, without recovery of the dissolved methane, the EGSB is currently carbon negative.
Dissolved methane recovery
The EGSB reactor effluent passed from the reactor separator into a buffering storage tank prior to discharge to drain. During this brief transition, the dissolved methane concentration reduced from 25.4 mg CH 4 L À1 to 12.9 (±7) mg Losses calculated theoretically using COD mass balance.
CO 2 system. Whilst this study introduces the concept of methane recovery, CO 2 was also present as a principal component of the headspace gas. Further work is therefore required to determine the impact of CO 2 on the diffusivity of methane in model binary systems. During this short-term study, fouling or clogging of the membrane surface was not evidenced, potentially due to the low solids load in the effluent. For this particular membrane application, fluid mechanics are dominated by advection rather than convection (as with membrane filtration) thus the effects of concentration polarisation are limited. Membrane contactors have been operated in mixed liquors at full scale with only routine maintenance cleans required to sustain performance. Thus for the dilute organic profile of the anaerobic effluent, limited performance deterioration is expected, though experimental validation is required.
Downstream gas quality and re-use
At the lowest liquid velocity of 0.0033 m s À1 (highest process efficiency), a flux of 0.35 mg CH 4 min À1 was evidenced. At the applied nitrogen sweep gas flow rate, the purity of the recovered methane in the gas phase was ca. 0.028% vol. (Figure 4 ). At the highest liquid velocity, whilst lower methane recovery was achieved, a higher flux of 0.91 mg CH 4 min À1 is possible. To increase the suitability of the gas phase for re-use, the methane composition must be highly concentrated. Clearly, based on the low residual CH 4 content of the exhaust sweep gas, Q G could be substantially reduced before reaching gas-side rate limiting conditions. This option would achieve a more optimal methane content for re-use and can be achieved by reducing gas flow rate or recirculation of the sweep gas to increase gas purity. Alternatively, the gas-side can be controlled by vacuum ( Figure 5 ). Vallieres & Favre () suggested that between the two modes, vacuum offers the potential to deliver much higher recovered gas purities (Vallieres & Favre ) . In this study, low applied vacuum pressures, ΔP, of less than 30 mbar have been demonstrated to achieve reasonable methane recovery at an intermediate liquid velocity of 0.0056 m s À1 (Re 91).
Using vacuum minimises gas-side dilution by avoiding the addition of a dilutive sweep gas. In addition, due to the super-saturation of the liquid-phase with CH 4 , an elevated concentration gradient is established, potentially enhancing the methane composition on the gas-side. The power demand of vacuum operation can be given by:
where P elec. is power (kW), N s is the number of vacuum stages (1), q s is flowrate at the suction end of the vacuum pump (m 3 s À1 ), η is vacuum pump efficiency (0.65), P 1 is the suction pressure for the vacuum pump (bara), P 2 is the discharge pressure (bara) and y is the isentropic expansion of gas ( Jain ) . Applying the following assumptions:
(1) vacuum gas quality is sufficient for re-use; (2) biogas to electrical conversion efficiency is 32%; and (3) gas-side conditions are not rate limiting; approximately 1% of the recovered energy is required for vacuum operation. Based on the optimum conditions determined in this study (influent 12.2 mg CH 4 L À1 , 72% recovery), the net electrical output achieved by the EGSB could increase from þ0.14 to þ0.18 kWh e m À3 with membrane degassing. The resultant carbon balance for electrical production and fugitive emissions are subsequently þ0.08 and À0.07 kg CO 2e m
À3
respectively and indicate that by integrating methane recovery, treatment of domestic wastewater using low temperature EGSB processes can become carbon positive. Whilst this assessment is indicative of feasibility, validation with an optimised gas-side condition is required to establish appropriate boundary conditions for gas recovery. It should be noted that an increase in energy produced from recovered methane is expected, through staging modules in series to increase recovery (Wiesler ) and by omitting the buffering tank as the losses between the separator and the buffer tank of ca. 52% were not accounted for.
CONCLUSIONS
The potential for degassing low temperature anaerobic wastewater effluent has been demonstrated.
• On average, ca. 45% of the produced methane is release in the dissolved form in the EGSB process effluent.
• When using PDMS contactors for degassing, methane recovery is controlled by gas diffusivity within the membrane material; maximum methane recovery was recorded at lowest liquid velocity.
• A maximum degassing efficiency of 72% with respect to dissolved methane was achieved.
• On the gas side, low methane purity was observed for sweep-gas mode. Vacuum operation potentially offers the most practicable solution to permit gas re-use.
• Dissolved methane recovery could increase net energy production from low temperature anaerobic processes by þ0.13 kWh m À3 and shift the net carbon footprint to net positive.
• Further experimental work to optimise the gas-side hydrodynamics is required as well as validation of the long-term impacts of biofouling on process performance.
